Neurometabolites alteration in the acute phase of mild traumatic brain injury (mTBI): an in vivo proton magnetic resonance spectroscopy (1HMRS) study. Academic Radiology, 25 (9 Rationale and Objectives: Magnetic resonance spectroscopy is a noninvasive imaging technique that allows for reliable assessment of microscopic changes in brain cytoarchitecture, neuronal injuries, and neurochemical changes resultant from traumatic insults. We aimed to evaluate the acute alteration of neurometabolites in complicated and uncomplicated mild traumatic brain injury (mTBI) patients in comparison to control subjects using proton magnetic resonance spectroscopy (1H magnetic resonance spectroscopy).
INTRODUCTION

D
eranged metabolites-induced cellular energy crisis is a common occurrence in traumatic head injury (1) . The cascading events post trauma may lead to terminal membrane depolarization with excessive release of excitatory neurotransmitters (2) , lysis of the cell membranes and apoptosis, disrupting various neural connectivity networks and consequentially affecting neurocognitive function or performance (1) . Injury severity in mild traumatic brain injury (mTBI) could be categorized into complicated or uncomplicated. A complicated mTBI is differentiated from an uncomplicated mTBI by the presence of a closed depressed skull fracture or trauma-related intracranial abnormality or lesion (3, 4) .
The advent of advanced magnetic resonance imaging (MRI) techniques in recent years have enabled reliable assessment of microscopic changes in brain cytoarchitecture, neuronal injuries, and neurochemical changes resultant from traumatic insults. While conventional computed tomography scans and structural magnetic resonance sequences are usually unable to detect such physiological and biochemical changes occurring at cellular level (5) , magnetic resonance spectroscopy (MRS) is capable of evaluating metabolic perturbation associated with mTBI in vivo.
Several MRS studies showed differences between the semiacute, subacute, and chronic stages of mTBI. A study of semiacute mTBI with matched controls found elevated concentrations of glutamate plus glutamine (Gln) signal in the white matter but reduced gray matter (GM) concentrations of Gln at grey matter (GM), 13 days postinjury (6) . The reduced GM Gln suggested reduced neural activity. The study also reported elevated WM concentrations of total creatine (Cr), believed to be consistent with an upregulation of WM metabolic activity and ionic balance restoration of high-energy phosphates pool for cellular repair.
Between the early subacute and chronic stage of mTBI, George et al. (2014) reported decreasing trends of thalamic NAA/Cr (N-acetylaspartate/creatine) and Cho/Cr (choline/creatine) levels measured in thalamus and centrum semiovale, corresponding with cognitive measures (5), whereas Kierans et al. (2014) found increased putaminal myoinositol (mI), myoinositol/creatine (mI/Cr) and total glutamine/creatine (Gln/Cr) that reflected complex glial and excitatory response to injury in mTBI patients compared to control (7) . At chronic stage of 6 months post trauma, decreased NAA/Cr and NAA/Cho in white matter (WM) regions were reported in the parietal lobe and occipital lobe, respectively, together with increased Cho/Cr in the occipital GM (8) . There is a scarcity of data on MRS at the acute stage of mTBI, which can, in principle, provide useful information on the very early proton MRS changes. This study aim to investigate the immediate and early neurometabolic changes, in the immediate aftermath of mTBI (10 hours post trauma). Absolute and the more clinically available ratio of metabolites from the brain spectra of patients with complicated mTBI (cmTBI), uncomplicated mTBI (umTBI), and healthy controls were also explored.
METHODS
Participant Recruitment
This prospective study of 48 subjects is composed of 23 cmTBI patients, 12 umTBI patients, and 13 healthy age-matched subjects as the control group. mTBI patients were recruited from the emergency department of the hospital for the duration of 11 consecutive months from April 2013 to March 2014. Informed consent was obtained from the patients and control groups. Local institutional review board (UM/EC. 949.15) ethical approval was obtained for this study. We adopted the Center for Disease Control's (USA) definition of mTBI (9) . Mild TBI is generally characterized by one or more of the following: (1) confusion or disorientation, (2) loss of consciousness for less than 30 minutes, (3) transient focal neurological signs, and (4) Glasgow Coma Scale (GCS) of 13-15 upon clinical evaluation. The grouping of injury complexity as complicated (cmTBI) and uncomplicated (umTBI) groups was determined by the presence of intracranial lesion and/or skull fracture, as evaluated by two blinded clinicians, NR (a neuroradiologist) and VN (a neurosurgeon). Patients with a normal brain computed tomography scan (no fracture and no intracranial injury) were classified as umTBI. Details of the inclusion and exclusion criteria of the study are presented in Figure 1 .
Age matched healthy controls were recruited on voluntary basis. They were either staff members of the hospital or patients' next of kin. Stringent exclusion criteria as of the patients were used in the recruitment effort.
Magnetic Resonance Imaging Acquisition
MRI scan was performed on cmTBI and umTBI patients upon admission using a 3T MRI scanner (Signa HDx, GE Healthcare, Harvey, IL) with a dedicated 8-channel head coil followed by single voxel spectroscopy (SVS) sequence. The standard imaging protocol and parameters were as follows: (1) axial T1-weighted three-dimensional fast spoiled gradient-recalled echo (FSPGR) with imaging parameters: repetition time (TR) = 6.7 ms, echo time (TE) = minimum 1.9 ms, field of view (FOV) = 31 mm, matrix = 256 × 256, slice thickness = 1.2 mm, slice overlap = 0.6 mm with image scan time of 3 minutes and 48 seconds; and (2) axial T2-weighted fast spin echo (TR = 4240 ms, TE = 102 ms, FOV = 24 mm, matrix = 512 × 384, thickness = 5 mm, spacing = 1.5 mm, and image scan time of 2 minutes and 30 seconds. MRS technique was performed using a point-resolved single-voxel spectroscopy probe-p sequence with the following parameters: TR = 1500 ms, TE = 35 ms, voxel size = 19 × 19 × 19 mm, slice thickness = 20 mm, number of excitation = 128, and scan time of 7 minutes. Axial T1W/T2 weighted were used to position SVS. For cmTBI, SVSs were placed at the white matter adjacent to injury site and the contralateral normal appearing white matter (Fig 2c) . For umTBI and control, the SVS were placed in frontal or occipital white matter (Fig 3c  and 4c) . The SVS placement was carefully placed so as to avoid contact with the subcutaneous fat, skull, vasculature, arachnoid space, and cerebrospinal fluid to mitigate shimming and water suppression effects. Outer volume saturation bands were placed over the MRS volume over anatomy of interest to suppress signal from fat-containing scalp that might contaminate the spectrum. No higher order shimming was used in our study.
Control participants were subjected to the same MRI protocols as the mTBI patients.
Brain Spectra Analysis
The raw data (P-files) obtained from SVS technique were postprocessed using LCModel (v6.2, LCMODEL Inc., Ontario, Canada) to acquire the brain spectra. Metabolite quantification of the spectra was obtained through spectral fitting from the standard basis set of metabolite solutions in vitro (10) . We used the LCModel standard brain spectra setting, which optimizes spectrum fitting for normal brains. The LCModel provides estimation of metabolite quantifications as absolute concentrations (mmol kg ) and concentration ratio relative to creatine.
Spectra Inclusion Criteria
The quality of spectral curve fitting by LCModel and the reliability of estimated metabolite concentrations were determined using the residuals, full width at half-maximum (FWHM) and Cramér-Rao lower bound (CRLB). The FWHM is an estimate of spectrum line width, which characterizes quality of the in vivo spectrum as a whole. To indicate the quality of fit, CRLB was used to assess the accuracy of metabolites in terms of percentage standard deviations (%SD) of the estimated concentration (11) . Lower %SD values indicate that the concentration estimate is more reliable and hence more accurately represent actual concentration (12) . Inclusion criteria for spectra data filtering were as follows: (1) acceptable spectroscopy curves from visual inspection (13) of individual metabolite profile performed by a neuroradiologist (NR) who was blinded to the data and diagnosis outcomes of all the subjects; (2) upper limit acceptance of FWHM < 0.1 part per million (ppm) (10); and (3) complying to CRLB criterion where %SD < 20%.
A few of the metabolites are quite difficult to resolve from its counterparts such as choline, NAA, Cr, and Gln (10). They are normally expressed as sums of concentration pairs where the sum of concentrations is much more accurate than the individual concentrations, as reflected in the lower %SD value for the combined metabolite concentrations compared to individual concentration (12) .
Statistical Analysis
Statistical analysis was performed using SPSS statistical software version 22 (IBM Corp., Armonk, NY). One-way analysis of variance test was carried out to establish neurometabolic differences among the groups (cmTBI, umTBI, and control) of the absolute concentration and ratio of metabolites. A P value of < .05 was declared as statistically significant. Post hoc test was used to determine differences between the groups as a further analysis. Correlations of neurometabolites between the three groups and GCS were determined using Pearson correlation test.
RESULTS
Patient Demography and Clinical Variables
Our study population comprised cmTBI, umTBI, and controls. Clinical variables such as age, years of education, gender, GCS on admission, loss of consciousness, and post traumatic amnesia (PTA) were obtained and tabulated as averages. Table 1 shows the demographic characteristics of mTBI patients and controls. The average MRI scan time for mTBI patients was 10 hours (SD: 4.26) post trauma.
Spectra Analysis
Four spectra were excluded upon visual screening and CRLB criterion, where one spectrum was from cmTBI group, one from umTBI, and two from the control group. A few distinct peaks of metabolite signals were easily measurable. The metabolites were Glu, glycerophosphocholine (GPC), inositol (Ins), NAA, sum of NAA and N-acetylaspartylglutamate (NAA + NAAG), sum of creatine and phosphocreatine (Cr + PCr), sum of glutamate and glutamine (Glu + Gln), macromolecules at signals around 0.9 ppm (MM09), macromolecules at signals around 2.0 ppm (MM20), sum mixture of macromolecules and lipids signals at around 0.9 ppm (MM09 + Lip09), and 2.0 ppm (MM20 + Lip20). Figure 2d shows examples of spectra acquired for cmTBI patients.
One-way analysis of variance showed significant differences (in both the absolute concentration and relative ratio over total creatine) for the sum of NAA and NAAG (NAA + NAAG: χ 2 (2) = 4.03, P < .05 and NAA + NAAG/Cr + PCr: χ 2 (2) = 0.79, P < .05) and the relative ratio of NAA over total creatine (NAA/Cr + PCr: χ 2 (2) = 0.22, P < .05) between the three groups ( Table 2 and 3). As demonstrated in Figure 2 the NAA peak is lower in cmTBI patients compared to control in Figure 4 . Tukey post hoc test revealed that absolute metabolite concentration of NAA + NAAG was statistically lower in cmTBI group compared to control group (P = .036) ( Table 4 ). For the metabolite ratio NAA + NAAG/Cr + PCr, significant differences were seen between cmTBI with umTBI (P = .039) and control (.007), as shown in Table 5 .
Associations Between Neurometabolites With Injury
Complexity and GCS Figure 5 shows the distribution of NAA and its sum across the three groups and GCS scores. The overall concentrations of NAA and its sum were lower in cmTBI compared to the other groups, whereas the sum of NAA and NAAG cmTBI, complicated mild traumatic brain injury; Cr, creatine; Gln, glutamine; Glu, glutamate; GPC, glycerophosphocholine; Ins, inositol; MM09 + Lip09, sum mixture of macromolecules and lipids signals at around 0.9 ppm; MM09, macromolecules at signals around 0.9 ppm; MM20 + Lip20, 2.0 ppm; MM20, macromolecules at signals around 2.0 ppm; NAA, N-acetylasparte; NAAG, N-acetylaspartylglutamate; PCh, phosphocholine; PCr, phosphocreatine; ppm, parts per million; SD, standard deviation; umTBI, uncomplicated mild traumatic brain injury.
* P < .05. cmTBI, complicated mild traumatic brain injury; Cr, creatine; Gln, glutamine; Glu, glutamate; GPC, glycerophosphocholine; Ins, inositol; MM09 + Lip09, sum mixture of macromolecules and lipids signals at around 0.9 ppm; MM09, macromolecules at signals around 0.9 ppm; MM20 + Lip20, 2.0 ppm; MM20, macromolecules at signals around 2.0 ppm; NAA, N-acetylasparte; NAAG, N-acetylaspartylglutamate; PCh, phosphocholine; PCr, phosphocreatine; ppm, parts per million; SD, standard deviation; umTBI, uncomplicated mild traumatic brain injury.
* P < .05. showed increasing trend with GCS. A significant weak positive correlation was seen between NAA and its sum with the three groups (ρ = 0.35-0.44, P < .05). Weak positive correlations were also found between GCS with NAA/Cr + PCr (ρ = 0.36, P < .05), NAA + NAAG/Cr + PCr (ρ = 0.45, P < .05), and NAA + NAAG (ρ = 0.38, P < .05).
DISCUSSION
Spectroscopic evaluation of metabolic profiles could provide valuable information about the degree of neuronal injury as reflected by the changes in neurometabolite concentrations. Hence, in this study, we set out to examine the hyperacute neurometabolic alteration hypothesized to occur in the early hours of a traumatic insult (mTBI) using MRS imaging modality. These mTBI patients generally underwent scanning within an average of 10 hours post trauma to minimize possible confounding factors such as ongoing secondary damage or recovery mechanisms. Secondary injuries like diffuse axonal injury, inflammation, edema, apoptosis, excitotoxicity, and mitochondrial dysfunction can cause fluctuations in the metabolite profiles at a later stage of brain injury (5). We found that neurometabolite alterations were already apparent at this early phase. Previous studies in this field has revealed microstructural changes which occur within hours after the initial insult affecting WM integrity, resulting in neuropsychological impairments (14) . The absolute metabolite concentrations of total NAA and NAAG and ratio metabolite concentrations of NAA and its counterpart over creatine (NAA/Cr + PCr and NAA + NAAG/Cr + PCr) showed statistically significant changes in this study. The NAA and its related compound, NAAG also demonstrated statistically significant difference among the patients with cmTBI in comparison to the healthy controls. Additionally, we also found that the spread of NAA values were wider in cmTBI group (Fig 5) , suggesting possible disease heterogeneity among patients with mTBI. NAA is believed to be the source of metabolic acetate for oligodendrocyte myelination and serves as a precursor for the synthesis of the neurotransmitter NAAG (15) . Levels of NAA and NAAG are dysregulated in various disease states associated with aberrant oligodendrocyte differentiation. Traumatic insult to the brain, however, induces the disturbance of neuronal integrity that results in mitochondrial dysfunction and NAA synthesis perturbation (1, 5) .Various studies have reported that the depression of NAA and NAAG levels due to neurometabolic impairment in concussed subjects is a common occurrence (16) (17) (18) .
The NAA also serves as an osmolyte in neuronal tissues and a source of acetate for myelin synthesis in the glial cells, a process that is usually disrupted in the aftermath of a traumatic insult (19) . The sudden decrease or reduction in NAAG concentration thereafter causes a sudden surge in glutamate generation that consequentially leads to mitochondrial dysfunction (18) , affecting the neuronal homeostasis and viability. Hence, the significant downward trend of NAA in cmTBI and its association with clinical markers such as the GCS scores as seen in our study cannot understate the importance of NAA as a parameter for brain injury detection. Although the complete pathophysiology of NAA reduction and altered level of consciousness post trauma is not readily known, its viability as a marker has been established and is possibly attributed to substantial cellular (neuronal/axonal) injury in patients with mTBI (6, 20) . Hence, the importance of early measurement of NAA levels post trauma (less than 48 hours) has been consistently noted as a good marker for disease severity classification and prognostication, and cannot be ignored for long (6, (21) (22) (23) .
The major limitation of our study is the small sample size especially in the umTBI group in comparison to the cmTBI group. Heterogeneity of location may confound interpretation of the spectroscopy, as metabolite ratios are known to vary from brain region to brain region. Our study did not take into account the widespread global effect of tissue damage on the entire brain parenchyma because of limitation of placement of ROI (region of interest) in the SVS. A longer followup data would be necessary to establish the usefulness of NAA for diagnosis and prognosis of mTBI.
CONCLUSION
A decline in NAA and NAAG ratio was associated with decreasing injury severity (based on GCS), at the acute stage of an evolving brain injury in mTBI. This study revealed the potential application of NAA and NAAG as a biomarker to discriminate between the mTBI subgroups (complicated and uncomplicated cases) in a more quantifiable manner. The knowledge of early onset neurometabolite alterations and its correlations with injury severity adds another degree of intricacy to the understanding of mTBI mechanism. Future work in this area should explore the neurometabolic changes in all injury severities (ie, mild, moderate, and severe head injury).
